Macroporous adsorbents have received great attention because of their applications in many fields such as the isolation and purification of drugs, proteins, organic pollutants and metal ions. Here, we report the synthesis and properties of cross-linked macroporous adsorbents based on cellulose. Cellulose was activated by introducing epoxy groups and then cross-linked with hexanedioyl chloride. The resultant macroporous adsorbent was characterized by Fourier-transform infrared spectroscopy and scanning electron microscopy. The water uptake, degree of swelling, bulk density, apparent density, true density, degree of porosity, pore volume, average pore diameter and specific surface area of the adsorbent were measured. Static and dynamic adsorption experiments indicated that data arising from the adsorption of rutin could be fitted by the Freundlich adsorption equation. The effects of the feed concentration of rutin, feed flow rate and ethanol concentration on the adsorption behaviour were investigated, allowing the optimized adsorption conditions to be obtained. The results reported indicate that the synthesized cellulose-based cross-linked macroporous adsorbent was effective in the adsorption of rutin.
INTRODUCTION
Porous polymeric materials have received great attention in recent years because they can be widely used in many fields such as adsorption, separation and sensing. For example, porous polymeric membranes have been used for the removal of a small amount of substances from a large feed stream yielding a large amount of purified product, concentrating a small amount of a product by selective permeation of the solvent through the membrane, or separating two or more components by their selective permeation through or retention by the membrane (Esteves and Mota 2007; Ghaee et al. 2010; Han et al. 2010; Karppi et al. 2010; Ke et al. 2010a-c; Othman et al. 2010; Pagana et al. 2011; Ulbricht 2006; Yang et al. 2011 ). Macroporous adsorbents have been shown to be potentially powerful separation materials and have been extensively used in many fields, such as chromatographic analysis, medical treatment and wastewater disposal (Azanova and Hradil 1999; Chiou et al. 2004; Li et al. 2009; Pi et al. 2008; Qiao et al. 2010; Ren et al. 2008; Vidyasankar et al. 1997; Wang et al. 2006; Weaver and Carta 1996; .
Macroporous adsorbents have also been widely employed for the isolation and purification of drugs, proteins, organic pollutants and metal ions. Of these, the isolation and purification of natural substances that show pharmacological activity is very important. Flavonoids are a group of polyphenolic compounds which are widely distributed in the plant kingdom. The flavonoid rutin has antiviral, anti-allergic, anti-inflammatory, anti-tumour and antibacterial effects due to its polyphenolic nature, coupled with radical-scavenging activity and metal-chelating properties. Various methods (materials) have been developed for the isolation and purification of rutin, and the utilization of macroporous adsorbents is interesting because of their favourable properties such as structural diversity and low cost Li and Chase 2009; Meng et al. 2009; .
Macroporous adsorbents are generally prepared from cross-linked polymers derived from or modified with polystyrene, poly(methyl acrylate), chitosan, polypeptides, silica or other materials (Chaves et al. 2009; Chiou et al. 2004; Li et al. 2009; Pi et al. 2008; Qiao et al. 2010; Weaver and Carta 1996) . Cellulose, the most abundant renewable resource on Earth, is likely to become the main chemical resource in the future. Moreover, numerous new functional materials derived from cellulose are being developed at present over a broad range of applications, because of the increasing demand for environmentally friendly and biocompatible products (Eichhorn 2011; Fillpi and Milichovsky 2008) . Since the cellulose molecule possesses abundant hydroxyl groups, it can be used for the ready preparation of cross-linked adsorbents with fascinating structures and properties. In the present paper, we report the synthesis of cross-linked macroporous adsorbents based on cellulose, and their use for the adsorption and desorption of rutin.
EXPERIMENTAL

Materials
Cellulose (Cell, Harbin Tongxing Medical Material Plant, P. R. China) and lithium chloride (LiCl, Tianjin Jinbei Fine Chemical Co., Ltd., P. R. China) were of A.R. grade and used as received. N, N-Dimethyl acetamide (DMAc, BASF), adipic acid (Tianjing Guangfu Technology Development Co., Ltd., P. R. China), 1,4-dioxane (Tianjin Fuyu Fine Chemical Co., Ltd., P. R. China) were all of A.R. grade and purified before use. Thionyl chloride, pyridine, liquid paraffin, urea, isopropyl alcohol, epichlorohydrin (Epx) and dimethyl sulphoxide (DMSO) were purchased from the Tianjing Guangfu Technology Development Co., Ltd., and were of A.R. grade and used without further purification. Cyclohexane (analytical grade) was provided by the Tianjin Kermel Chemical Reagent Co., Ltd., P. R. China. Anhydrous sodium carbonate, anhydrous sodium bicarbonate, acetone, toluene, sodium hydroxide (NaOH), hydrochloric acid and ethanol were all of A.R. grade as purchased from the Tianjin Fuyu Fine Chemical Co., Ltd., and were used as received. Rutin was provided by the Zhengzhou Linuo Biotech Co., Ltd., P. R. China and used as received.
Modification of cellulose
Using de-ionized water and DMSO (1:1 v/v) as the solvent, a mixture of 40 wt% NaOH and 1 wt% urea was prepared for dissolving cellulose (2.0 g). After stirring for 24 h at room temperature, the solution was filtered to yield the sodium salt of cellulose (Cell-Na) which was washed three times with de-ionized water. The synthesis of cellulose containing epoxy groups (Cell-Epx) was performed by employing the following procedure. Thus, NaOH (2.0 g), de-ionized water (10 m ) and isopropyl alcohol (50 m ) were added to a flask and then Cell-Na (2.0 g) was added with stirring. After allowing the reaction to proceed for 1 h at 60 o C, Epx (4:1 ratio relative to the molar amount of glucose units in Cell-Na) was added slowly and the reaction allowed to proceed for a further 1 h. After filtering, washing and drying, Cell-Epx was obtained.
Synthesis of hexanedioyl chloride
Under a nitrogen atmosphere, adipic acid (0.5 mol) and thionyl chloride (2.5 mol) were added dropwise to a flask over a period of 1 h at 30 °C. The reaction temperature was then increased to 70 °C and held at this value for 6 h. After this time, the residual thionyl chloride was removed by distillation under atmospheric pressure. The final product, hexanedioyl chloride, was collected by distillation under reduced pressure (yield = 79.9%)
Synthesis of the cellulose-based cross-linked macroporous adsorbent
To a dried flask equipped with a condenser, 100 m of dried DMAc was added followed by LiCl (5.0 g) and Cell-Epx (1.0 g). Reaction was allowed to proceed for 2 h at 100 °C under a nitrogen atmosphere. After this time, the flask and contents were allowed to cool to ambient temperature when a homogeneous solution of Cell-Epx was obtained. Employing a mixture of pyridine (10 m ) and 1,4-dioxane (10 m ) as a catalyst, cyclohexane (10 m ) and liquid paraffin (30 m ) were added as a pore-forming agent and a mixture of hexanedioyl chloride (4 m ) and DMAc (8 m ) added dropwise over a period of 1 h. The reaction mixture was then heated at 60 °C with stirring. After 24 h, the resulting solution was poured into 500 m of a mixture of ice and water, filtered and washed successively with ethanol, an aqueous solution of sodium bicarbonate, ethanol and water. The resulting product was dried under reduced pressure and stored in a desiccator for further use.
Characterization
Fourier-transform infrared (FT-IR) spectroscopy was undertaken on an E360 FT-IR spectrometer (FEI). A scanning electron microscope (SEM, Quanta 200, FEI) was used to observe the surface morphology of the macroporous adsorbent after sputtering the latter with gold. The BET specific surface area, S BET (cm 2 /g), and the average pore diameter, V p (cm 3 /g), were derived from adsorption/desorption studies of the adsorbent at −196 o C employing a surface area and pore-size analyzer (Quantachrome Autosorb-I, FEI) and using nitrogen as the working gas.
Properties of the macroporous adsorbent
For the determination of the water uptake (P 1 ), a known amount of the adsorbent, W 1 (g), was added to a weighing bottle, and the adsorbent and bottle weighed together to yield the combined weight, W 2 (g). The adsorbent and bottle were then dried to constant weight at 100 °C under a nitrogen atmosphere, allowed to cool to room temperature in a desiccator and then weighed once more to give W 3 (g). The percentage water uptake was then calculated employing equation (1): (1)
To determine the degree of swelling (P 2 ), an amount of the dried macroporous adsorbent was introduced into a measuring cylinder, carefully tapped to ensure that the adsorbent did not stick to the sides of the cylinder and the resulting volume read as V 1 (m ). Then a known amount of water was added to the cylinder, thereby causing the adsorbent to swell. After the adsorbent was fully
swollen, the volume of the adsorbent was read from the cylinder as V 2 (m ). The degree of swelling was then calculated according to equation (2):
(2)
The bulk density, ρ d (g/m ), may be defined as the weight of macroporous adsorbent per unit volume, including the large gaps between the adsorbent particles. To determine this quantity, an amount of dried macroporous adsorbent, W (g), was carefully added to a measuring cylinder which was carefully tapped to ensure that the adsorbent was not sticking to the sides of the cylinder and the resulting volume read as V (m ). The bulk density was calculated according to equation (3):
(3)
The apparent density, ρ a (g/m ), is defined as the weight of macroporous adsorbent per unit apparent volume, which does not include the large gaps between the adsorbent particles. The measurement of this quantity was performed using mercury (Hg) as the liquid. Thus, a weighing bottle of fixed volume completely filled with Hg was weighed to give g 1 (g). Then, the bottle filled with adsorbent (W, g) and Hg was weighed to give g 2 (g). The apparent density was calculated according to equation (4): (4) The true density, ρ T (g/m ), is the density of the polymer itself. To obtain this quantity, measurements were performed employing a liquid capable of wetting the adsorbent but not capable of swelling it. For this purpose, a weighed amount of adsorbent (W, g) was added to a weighing bottle followed by a small amount of n-heptane. After 6 h, n-heptane was further added to the bottle to a constant volume and the weight of the bottle, adsorbent and n-heptane determined as g 2 (g). A control experiment was then carried out without the addition of the adsorbent to give a weight g 1 (g). The true density was calculated according to equation (5):
The degree of porosity (V d ) is defined as the volume faction of the internal pore volume to the total volume of the adsorbent. Thus, from the values of ρ T and ρ a , V d can be calculated via equation (6):
The pore volume (V p ) is defined as the internal pore volume per unit weight of the adsorbent. Again, from the values of ρ T and ρ a , V p can be calculated via equation (7): (7) The pore diameter, d (nm), was calculated from a simplified model by assuming all the pores were cylinders with the same diameter. Then from V p and ρ a , d can be calculated via equation (8): (8)
Static adsorption and desorption tests
A series of rutin solutions of different initial concentrations was prepared at room temperature (25 °C). A known amount of the macroporous adsorbent (1 g) was placed in a series of flasks and 100 m of each of the solutions added separately to each flask. After a known amount of time, the concentration of rutin in the solution in each flask was determined by UV spectrophotometry at 365 nm using a molar extinction coefficient of 12.498 m /(mg cm) for the rutin solution.
Dynamic adsorption and desorption tests
Dynamic adsorption experiments were undertaken employing a glass column (500 mm length × 10 mm i.d.) wet-packed with the adsorbent. The bed volume (BV) of the resin was 10 m . A feed flow rate of 0.43 m /min was typically employed. The rutin in the eluents was monitored by UV analysis of the eluted aliquots collected at 15 m intervals. The adsorbate-laden column was desorbed with an aqueous ethanol solution and the eluents analyzed by UV spectophotometry. The effects of rutin concentration, feed solution flow rate and ethanol concentration on the adsorption behaviour were investigated. In the desorption process, the effects of eluant concentration and ethanol concentration were explored. Figure 1 overleaf shows the FT-IR spectra of the resultant cellulose-based cross-linked macroporous adsorbent and of cellulose before modification. It is obvious that the wide peak at ca. 3400 cm −1 in the spectrum of cellulose, which may be attributed to the stretching vibration of the hydroxyl groups of the cellulose molecule, had virtually disappear in the spectrum of the macroporous adsorbent. This disappearance indicates that most of the hydroxyl groups participated in the reaction. In addition, a strong peak occurred at ca. 1734 cm −1 induced by the carbonyl groups of the ester bonds formed between the hydroxyl groups of cellulose and the hexanedioyl chloride cross-linker.
RESULTS AND DISCUSSION
Characterization of the macroporous adsorbent
Scanning electron microscopy (SEM) was employed to observe the surface morphology of the macroporous adsorbent. As shown in Figure 2 = − 1 1 ρ ρ dentritic skeletons formed by small particles which were separated by pores. It should be noted that these pores were not very uniform in size. It is well known that, generally, the amorphous region of cellulose swells first, whereas the crystalline zone only swells after it has become amorphous. In other words, cellulose does not dissolve in a uniform manner. Hence, during the cross-linking reaction, the dissolved portion of the cellulose reacted with the cross-linker first, followed by the subsequently dissolved amorphous or crystalline regions. Different reaction times and different degrees of reaction may therefore be one of the causes of the formation of non-uniform pores. The BET method was utilized to characterize the synthesized adsorbent. From the measurements undertaken, the average pore diameter was determined as 8.38 nm while the specific surface area was 438.17 m 2 /g. Other parameters of the adsorbent was also measured, 968 Xin Qi and Chaosheng Yu/Adsorption Science & Technology Vol. 29 No. 10 including the water uptake (P 1 ), the degree of swelling (P 2 ), the bulk density (ρ d ), the apparent density (ρ a ) and the true density (ρ T ). Furthermore, the degree of porosity (V d ), the pore volume (V p ) and the average pore diameter (d) were calculated based on the above-mentioned experimental results. The results recorded in Table 1 are the average of three consecutive experiments which indicate that the adsorbent exhibited stable physiochemical properties. The nitrogen adsorption and desorption behaviours of the cellulose-based cross-linked macroporous adsorbent were also investigated using the BET method. The amount of nitrogen adsorbed increased slowly at low relative pressures (P/P 0 = 0.350-0.600), while capillary condensation was also observed over this pressure range. Adsorption hysteresis occurred over the range 0.600 < P/P 0 < 0.950. The amount of nitrogen adsorbed increased sharply when the relative pressure was larger than 0.95, indicating an increase in the adsorption coefficient. This is not unexpected, since nitrogen molecules were capable of ready diffusion into the core area of the adsorbent as the relative pressure increased. On the other hand, the desorption of nitrogen molecules from the macroporous adsorbent is generally considered as the reverse process of adsorption, which may be related to the potential re-use of the adsorbate.
Adsorption behaviour of the macroporous adsorbent
The amount of sorbate adsorbed by an adsorbent is closely related to the concentration of the solution in contact with the adsorbent. In the present work, the adsorption behaviour of the prepared adsorbent was investigated at 25 °C employing a series of rutin solutions whose concentrations ranged from 0.01 mg/m to 0.10 mg/m . After contact between the adsorbent and the rutin solutions for 24 h, the equilibrium concentrations of the solutions were measured and the corresponding adsorption capacity was calculated. The results obtained are depicted in Figure 3 overleaf, from which it is clear that the adsorption behaviour of the adsorbent studied in this work could be well described by the Freundlich adsorption equation.
According to this adsorption isotherm, the adsorption capacity would increase in line with the feed concentration of rutin. Figure 4 overleaf exhibits the effects of the feed concentration of rutin on the adsorption by the adsorbent under a flow rate of 0.43 m /min. The results indicate that the feed concentration of rutin had a great effect on the adsorption behaviour. Thus, when the concentration was relative low (0.05 mg/m ), the concentration of the eluant was also low, with the long time required to attain adsorption equilibrium indicating that it was difficult to saturate the adsorbent. At a concentration of 0.10 mg/m , adsorption equilibrium occurred within 150 m of eluant. Increasing the concentration to 0.15 mg/m resulted in a short equilibrium time. It should be noted that, in practice, the feed solution may contain impurities which block the pores, increase the flow resistance and hence decrease the adsorption capacity of the adsorbent. Hence, a moderate feed concentration is preferred. Using a feed concentration of 0.10 mg/m , we have investigated the effects of the feed flow rate on the adsorption of rutin by the adsorbent (see Figure 5 overleaf). At a feed flow rate of 0.43 m /min, the adsorbent was saturated within 150 m of eluant. However, at a faster flow rate, the shorter residence time impeded adsorption of the solute. Furthermore, the solution volume became larger under a faster flow rate, thereby leading to incomplete adsorption.
It is well known that the solvent has a great influence on the adsorption. As shown overleaf in Figure 6 , when an aqueous ethanol solution with a low concentration of ethanol was employed, it 970 Xin Qi and Chaosheng Yu/Adsorption Science & Technology Vol. 29 No. was difficult for the adsorbent to adsorb rutin. Higher concentrations of ethanol led to the better adsorption of rutin. Taking the fact that absolute ethanol tends to evaporate into account, the use of an 80% ethanol solution would be more suitable.
Desorption behaviour
We have also explored the desorption behaviour of the synthesized cellulose-based cross-linked macroporous adsorbent. rutin in the eluant decreased almost linearly with the fraction of ethanol present. This phenomenon can be explained by the molecular structure of rutin. Rutin belongs to the family of flavonoids and has a large polarity. Since the polarity of the eluant decreased as the fraction of ethanol present increased, it follows that water with the largest polarity would show the best elution efficiency.
CONCLUSIONS
A cellulose-based cross-linked macroporous adsorbent has been successfully prepared and its performance for the adsorption of rutin was investigated. The results obtained indicated that the experimental data for the adsorption of rutin could be fitted by the Freundlich adsorption model. The optimized conditions for adsorption were: rutin feed concentration = 0.10 mg/m ; feed flow rate = 0.43 m /min; ethanol concentration = 80%. It should be noted that the use of water as an eluent at a moderate flow rate (0.71 m /min) led to the effective elution of the adsorbed rutin.
